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 Disturbance is important in maintaining the open structure of savannas.  Frequent fires 
(every 1-3 years) limit the growth of woody plants, and prevent the transition from savanna to 
forest by maintaining open space for grasses, herbs, and fire-tolerant longleaf pine.  Fires are not 
the only disturbances in southeastern pine savannas, which also experience hurricanes.  
Hurricane winds mainly affect the overstory, causing treefalls, increasing light, and adding litter 
to the understory.  Hurricane effects were documented after Hurricane Gustav in 2008.  More 
trees fell where the overstory was present, and produced localized effects on the ground below.  
Increase in light transmittance was similar across different overstory treatments, and responded 
to scattered treefalls across wide areas of the study site.  Defoliation also added pine needles to 
the groundcover.  Increases in fuels may increase fire intensities following hurricanes.  I 
hypothesized that pine needles would augment fires, and therefore decrease survival of woody 
plants in the understory.  The presence of small amounts of pine needles beneath understory 
hickories led to greater temperatures during fire, longer durations of heating, and more complete 
combustion of hickory fuels.  All hickories survived fire by resprouting, but when pine needles 
were absent most resprouted from buds aboveground along the stem, rather than from the 
belowground root crown.  These stems may more quickly reach a size that can withstand fire.  
Therefore, understory woody plants should be larger, and more fire-resistant, away from 
overstory pines, such as in gaps created by hurricanes.  I expected greater numbers and sizes of 
woody plants in plots where the overstory was experimentally removed.  Woody stems were 
taller in gaps, but there was no increase in species or density.  Instead, after the overstory 
remains absent for several decades, the number of species and density decline.  Moreover, 
woody plants in gaps do not reach a size resistant to fire, and repeated fires continue to top-kill 
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stems.  Resprouting stems may be competing with other understory species.  Furthermore, many 
woody plants are dispersed by birds beneath trees.  Repeated fires, increased competition, and 
lack of recruitment may lead to a decline of woody plants in gaps, opening space for longleaf 









 Savannas are characterized by vegetation that is two-layered.  There is a continuous 
groundcover layer dominated by graminoids (commonly warm season C4 grasses) and an 
overstory layer of trees that do not form a continuous canopy (Werner 1991, Scholes and Archer 
1997, Beckage et al. 2009).  The coexistence of these two distinct growth forms is the basis of 
the so-called “savanna problem” (sensu Higgins et al. 2000): what environmental conditions 
facilitate co-occurrence of grasses and trees, and inhibit transition to either grassland or forest?  
Many hypotheses rely on niche differentiation, whereby grasses and trees have different rooting 
niches and are therefore not in direct competition (e.g., Walter 1971, Walker and Noy-Meir 
1982).  These hypotheses have received some support (e.g., Weltzin and Coughenour 1990), but 
dissenting evidence suggests that niche separation does not account for coexistence in all 
savannas (Mordelet et al. 1997, Riginos 2009).  Instead, other models focus on the role of 
frequent disturbances in preventing trees from excluding grasses in savannas (e.g., Higgins et al. 
2000, Sankaran et al. 2004, Beckage et al. 2009).   
 Some savannas contain multiple species of trees and a diverse ground layer with many 
vascular plant species.  In pine savannas of southeastern North America, trees include overstory 
pines, most commonly longleaf pine (Pinus palustris), as well as a number of species of clonal 
trees and shrubs that typically co-occur with grasses and other herbaceous species in the 
groundcover.  Many of these groundcover woody species have the potential to attain tree size, 
and, in the absence of disturbance, can dominate openings in which longleaf pine is recruited 
(e.g., Gilliam and Platt 1999).  While frequent disturbances limit growth of woody plants in the 
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understory, disturbances do not eliminate them from the savanna.  In this dissertation I explore 
the effects of multiple disturbances on understory woody plants of the longleaf pine savanna.   
Disturbances in Savannas 
 Savannas are subject to multiple disturbances.  Fire is one of the most common (Peterson 
and Reich 2001, Thaxton and Platt 2006, Higgins et al. 2007, Hoffmann et al. 2009, Werner and 
Franklin 2010).  Grazing, both by native (e.g., Archibald et al. 2005) and exotic (e.g., Werner 
2005) herbivores, flooding (e.g., Platt et al. 2006b), and tree fall gaps resulting from tropical 
storms (e.g., Platt and Rathbun 1993, Myers and van Lear 1998, Passmore 2005) are other 
disturbances observed in some savanna ecosystems.  Multiple disturbances may interact to 
produce effects different than those expected on the basis of effects of single disturbances 
(Herndon et al. 1991, Paine et al. 1998, Spiller and Agrawal 2003).   
 Longleaf pine savannas of the southeastern U.S. experience frequent fire disturbances, 
and less frequent hurricane disturbances.  Fire scars in trees indicate that pine savannas burned 
every 1 – 5 years prior to anthropogenic fire suppression (Huffman et al. 2004, Stambaugh et al. 
2011).  Lake sediments indicate a long and variable history of hurricanes in the southeast (Liu 
and Fearn 2000); during the past century tropical storms typically have crossed any given site 
along the northern coast of the Gulf of Mexico once every few decades (Simpson and Lawrence 
1971, Batista and Platt 1997, Gilliam et al. 2006).  Juxtaposition of the two different disturbances 
potentially can result in unique effects (e.g., Gagnon and Platt 2008, Liu et al. 2008).  
 Disturbances have different effects on the overstory and understory.  Low intensity 
surface fires rarely kill large trees, which have thick or layered bark that protects the cambium 
(Jackson et al. 1999).  Understory plants, however, are usually top-killed but may resprout from 
dormant meristems at or below ground level (e.g., Brewer and Platt 1994, Drewa et al. 2002, 
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Hoffmann et al. 2009).  Most overstory trees are resistant to hurricane wind damage, although a 
few individuals may be tipped or snapped (Platt and Rathbun 1993, Slater et al. 1995).  
Resistance differs by species (Gresham et al. 1991, Batista and Platt 2003).  Hurricane-damaged 
broad-leaved trees, for example, are likely to resprout, while most conifers cannot (Boucher et al. 
1990, Horvitz et al. 1998, Platt et al. 2000).  Understory trees, however, are less directly affected 
by winds and respond with increased growth and recruitment when space is opened (Lugo and 
Scatena 1996).  Interactions between fire and hurricane disturbances, and their different effects 
on the overstory and understory may lead to the coexistence of overstory pines and understory 
trees and shrubs in longleaf pine savanna.  In this dissertation I explore separate and combined 
effects of fire and hurricane disturbances on woody plants in the understory of the longleaf pine 
savanna. 
Camp Whispering Pines 
Description 
  All three studies presented in this dissertation were conducted in uplands at Girl Scout 
Camp Whispering Pines (30°41' N; 90°29' W) in Tangipahoa Parish, Louisiana, at the western 
edge of the eastern Gulf Coastal Plain.  Well-drained, fine Tangi-Ruston-Smithdale Pleistocene 
sands mixed with and capped by deposits of loess form a rolling topography 25 - 50 m above sea 
level (McDaniel 1990, Platt et al. 2006a).  Mean annual temperature is 19°C, and mean annual 
rainfall is 1626 mm (Thaxton and Platt 2006).   
Pine savannas at Camp Whispering Pines contain large numbers of species.  The 
overstory is dominated by longleaf pine, Pinus palustris (Noel et al. 1998).  The diverse 
understory (> 30 species/m
2
, > 100 species/100m
2
) includes grasses (e.g., Schizachyrium 
scoparium, S. tenerum, Andropogon sp., Aristida purpureum, Panicum virgatum, P. anceps, 
4 
 
Dichanthelium sp.), many different herbs (e.g., Solidago odora, Aster sp., Eupatorium sp., 
Tephrosia spicata, Stylosanthes biflora, Helianthus angustifolius, H. radula), shrubs (e.g., Rhus 
copallinum, Ilex glabra), and small trees (e.g., Quercus falcata, Carya alba) (Noel et al. 1998, 
Platt et al. 2006a, Myers and Harms 2009, Gagnon et al. 2012).  A voucher collection from the 
pine savannas at Camp Whispering Pines with more than 300 species is housed in the herbarium 
at Louisiana State University.   
 The site history has been compiled.  Current overstory longleaf pines originated as 
natural regeneration within areas managed by fire for open-range grazing after widespread 
logging in the early 1900s (Noel et al. 1998).  Remnant older trees were removed by selective 
logging in the 1970s.  Fire suppression in the 1980s resulted in increased abundance of 
understory woody plants and invasion by some exotic species such as Ligustrum sinense, 
Triadica sebifera, and Lygodium japonicum (Platt et al. 2006a, Leichty et al. 2011).  Restoration 
of the pine savannas was initiated in the early 1990s.  Since the mid-1990s the site has been 
managed with biennial prescribed fires ignited during April-May to mimic timing of natural 
lightning fires (Platt et al. 2006a).  Beginning in 1996, a restoration forestry program was 
initiated to open space for longleaf regeneration (Passmore 2005, Platt et al. 2006a).   
Restoration and Management of Camp Whispering Pines 
 Pine savannas are prescribed burned as part of the restoration and management program 
at Camp Whispering Pines.  The camp is split into multiple burn units that are burned every other 
year on a rotating schedule (Figure 1.1).  The prescribed fire program was initiated in 1994, and 
over the subsequent years, each burn unit has been burned 9-10 times during the spring transition 
period (April-May) during which the first summer thunderstorms typically occur.  Fires are 
ignited during the spring to mimic timing of natural lightning fires that occurred prior to fire 
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suppression. Natural fires occurred during the transition from the spring dry season to the 
summer wet season, when fuels are still dry enough to burn, and thunderstorms provide lightning 
as an ignition source (Slocum et al. 2010).  Low intensity prescribed fires are ignited using a drip 
torch while walking around the burn unit, first igniting backing and flanking fires, followed by 
head fire.   
 Selective thinning of overstory trees was initiated in 1996.  Logging used group selection 
to approximate tree densities observed in old- and second-growth longleaf pine savannas (Noel 
et al. 1998).  The goals of restoration logging were to open space for regeneration of longleaf 
pines and ground cover vegetation, benefit native wildlife that utilize openings, and provide 
income to support further restoration at Camp Whispering Pines (Platt et al. 2006a).   
 
Figure 1.1.  GIS map of Camp Whispering Pines showing burn units, approximate locations of 
100 m
2
 subplots, and sampled hickory stems.  Background image was downloaded from 
http://atlas.lsu.edu, and the GIS map was created using Quantum GIS 1.5 (Quantum GIS 















 The first field study at Camp Whispering Pines was conducted in the mid-1990s.  Ten 
noncontiguous 1-ha plots were established in upland pine savanna in 1994 by Noel et al. (1998).  
These plots are located within 3 different burn units, two of which (containing 4 plots) are 
burned on even years, and the other (containing 6 plots) is burned on odd years.  All trees > 1.5 
m tall were tagged, mapped, and measured (diameter at breast height) in 1994 and periodically 
over the next 1.5 decades.  Longleaf pines at the camp have a mean density of 293.3 + 34.6 
stems/ha, average diameter of 28.6 + 1.5 cm, and an average basal area of 18.2 + 1.5 m
2
/ha (Noel 
et al. 1998, Platt et al. 2006a, Carmichael 2012).    
 Experimental openings were generated in each of the ten 1-ha plots in the fall of 1996 
using restoration logging.  Within each plot, an experimental opening of about 0.1 ha was created 
that did not border the edge of the plot.  Trees were cut at the base and removed using a feller-
buncher harvester with a long articulated arm that minimized the chances that sawn trees would 
fall in or be dragged across plots.  Logging was conducted in the dry fall at least 6 months after 
fire; the presence of pine needle litter reduced effects of logging equipment on the groundcover.   
Three 100 m
2
 (10 x 10 m) subplots were established within each 1-ha plot in 2001.  
Subplots were randomly located within plots, subject to the following restrictions: one subplot 
was within each logged patch, one was in an opening that had existed for > 30 years (the last 
previous logging on the site occurred in the late 1970s), and one was underneath continuous 
cover of overstory pines that dated, based on annual rings, to the early 1900s (Platt et al. 2006a).  
Suplots beneath openings were located > 10 m from the nearest living pine.  Approximate 
locations of the 100 m
2
 subplots are presented in Figure 1.1, and photographs of each overstory 
treatment are presented in Figure 1.2.  For this dissertation, further sampling was conducted 
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within these subplots, including canopy photos (Chapters 2 and 4), and measurements of 
understory woody plants (Chapter 4).   
 
Figure 1.2.  Two sets of 100 m
2
 overstory plots, 2 months (a, c, e) and 14 months (b, d, f) after 
fire.  When the overstory is present (a, b) understory vegetation is smaller and high 
accumulations of pine litter cover the ground.  After the overstory is removed (c, d), sizes of 
woody plants increase (especially visible in (c) are the recently top-killed stems with brown 
leaves).  After the overstory has remained absent for a longer period of time (e, f), the number of 








 In this Introduction, I discuss savannas as subject to multiple disturbances.  I suggest that 
these recurrent disturbances may facilitate co-occurrence of plant species with different life 
forms.  I also describe the study site at which the research for the following dissertation chapters 
was conducted.  In Chapter 2, I present results from a study which quantifies the effects of a 
hurricane (Gustav, in 2008) on the overstory and understory.  In Chapter 3, I explore how 
differences in flammability of fuels produced by overstory and understory species may interact 
in fire-frequented pine savannas.  In Chapter 4, I present results from a study investigating the 
effects of overstory removal (simulated hurricane disturbance) and fire on understory woody 
plants, and discuss how interactions between hurricanes and fires may lead to the coexistence of 
overstory pines and understory trees and shrubs in pine savanna.  Finally, in Chapter 5, I 
conclude by relating the findings of the preceding three chapters and discussing the importance 





EFFECTS OF HURRICANE GUSTAV ON LONGLEAF PINE SAVANNA 
 
Introduction 
 Intense windstorms such as hurricanes are widely recognized to influence ecosystems in 
some regions of the world.  Platt and Connell (2003) propose that effects of such large-scale 
disturbances on natural communities are primarily not catastrophic in that species tend not be 
eliminated.  Nonetheless, hurricanes are postulated to have different effects on overstory and 
understory plants in pine savannas (Gilliam et al. 2006).  Most overstory pines are resistant to 
hurricane wind damage, although some large trees may be tipped-up or snapped-off (Platt and 
Rathbun 1993, Slater et al. 1995, Platt et al. 2000).  Still, damage is pervasive among overstory 
pines, at least in intense hurricanes (Platt et al. 2000).  Susceptibility to hurricane winds also 
differs among species, with pines being more resistant than broad-leaved trees to hurricane-force 
winds (Gresham et al. 1991, Batista and Platt 2003).  Recovery from damage, however, is the 
reverse, with damaged broad-leaved trees being more likely to resprout following trunk breakage 
than pines (Boucher et al. 1990, Platt et al. 2000).   
 Understory trees are less directly affected by hurricane winds.  Overstory trees help break 
the force of the wind, resulting in very minor damage to understory plants (Loope et al. 1994).  
Subsequently, understory trees may respond with increased growth and recruitment when space 
is opened and light is increased (Lugo and Scatena 1996).  Hurricane litterfall also may 
encourage rapid growth, as fallen green leaves and branches add nutrients to the soil (Whigham 
et al. 1991, Lugo and Scatena 1996).  Extreme accumulations of litter, however, may suppress 
growth of understory plants (Guzman-Grajales and Walker 1991, Tanner et al. 1991).   
 Litter deposited by hurricanes may also lead to an interaction with fires that follow 
hurricanes.  This litter provides fuel added to that already present (Whigham et al. 1991, Myers 
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and van Lear 1998, Passmore 2005, Liu et al. 2008).  Defoliation is often the most common type 
of damage caused by hurricanes (Brokaw and Walker 1991).  Defoliation in a longleaf pine 
savanna thus can result in large amounts of flammable needles deposited on the ground 
(Rebertus et al. 1989, Fonda 2001).  Fires that then burn through these flammable fuels should be 
of higher intensity, thus causing more damage to understory plants than fires without added fuels 
(Passmore 2005, Thaxton and Platt 2006).    
 In this study I explored effects of Hurricane Gustav on longleaf pine savanna at Camp 
Whispering Pines when it crossed Louisiana in 2008.  I expected some trees to be damaged and 
killed, which would affect understory plants in the groundcover as well as increase light 
transmitted through the canopy.  I also anticipated that the hurricane would increase fine fuels 
via pine needles being deposited over large areas around overstory pines.  I used established 100 
m
2
 plots with previously applied overstory treatments (overstory present, overstory absent 10 
years, and overstory absent > 30 years; Chapter 1) to study simulated hurricane effects.  I 
established a priori hypotheses: 1) more trees should fall, and thus more area of the groundcover 
should be affected and light increases should be greater beneath pine overstory than in open 
patches; 2) hurricane effects should be the same in open patches, regardless of how long such 
patches have been open; and 3) pine needle components of fine fuels should be greater in years 
with than without hurricanes.  I used the results of these studies to explore concepts regarding 
how hurricanes affect pine savannas.   
Methods 
Study Site 
 I conducted my study in uplands at Girl Scouts Camp Whispering Pines (30°41' N; 90°29' 
W) in Tangipahoa Parish, Louisiana, at the western edge of the eastern Gulf Coastal Plain.  The 
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overstory is dominated by longleaf pine (Pinus palustris), and the diverse understory includes 
grasses, herbs, shrubs, and small trees.  The site is managed with biennial prescribed fires ignited 
in the growing season, and occasional restoration logging using group selection to open space for 
longleaf regeneration.  Further details are given in Chapter 1.   
Sampling Design 
 Sampling was conducted under three different overstory treatments.  Following 
restoration logging in 1996, three 100 m
2
 (10 x 10 m) subplots were established within each of 
ten 1-ha plots in 2001.  Subplots were randomly located within plots, subject to the following 
restrictions: one subplot was located within each logged patch, > 10 m from the nearest living 
pine, one was in an opening that had existed for > 30 years, also > 10 m from the nearest living 
pine, and one was underneath continuous cover of overstory pines (see Chapter 1 for further 
details).  Three canopy photos were taken at the same location in the center of each 100 m
2
 
subplot and the clearest photo of each subplot was used for analysis.  By chance, canopy photos 
were taken before hurricane, on August 20, 2008, for use in another study (Chapter 4).  Canopy 
photos were taken using a Nikon 4500 Coolpix digital camera with an attached Nikon EC-8 
fisheye converter lens to produce hemispherical 180° photographs.  Photos were taken on a 
tripod at 0.75 m height on a single cloudy day.   
 One and a half weeks later, on September 1, 2008, Hurricane Gustav made landfall in 
Louisiana.  At its closest, Hurricane Gustav passed 130 km west of the study site as a category 1 
hurricane (Figure 2.1).  The study site experienced tropical storm force winds, defined as wind 
speeds from 63 – 118 km/hr (18 – 33 m/s) (National Oceanic and Atmospheric Administration, 
National Hurricane Center, http://www.nhc.noaa.gov).  According to data recorded at Hammond, 
Louisiana, 22 km south of the study site, maximum sustained winds reached 57 km/hr (16 m/s), 
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with gusts of 83 km/hr (23 m/s) at 2:35 PM CDT (Beven and Kimberlain 2009).  Furthermore, 
according to advisories issued by the National Hurricane Center, the study site was within the 
radius of potential tropical storm force winds for 18 hours, from 1 AM – 7 PM CDT (NOAA, 
NHC, http://www.nhc.noaa.gov).   
 Canopy photos were retaken after Gustav to quantify change in light transmittance.  
Photos were taken on another cloudy day, October 7, 2008, on a tripod at 1 m height, at the same 
location in the center of each subplot.  Two pairs of canopy photos were excluded from analysis; 
one with many shrubs in the pre-Gustav photo, and one that appeared to be retaken at a slightly 
different location within the subplot after Gustav; these photos were excluded so that any 
changes in light would be due to Gustav rather than changes in shrub cover or location within the 
subplot (Appendix A).   
 Photos were analyzed using Gap Light Analyzer 2.0 (Frazer et al. 1999), using settings 
described by Passmore (2005).  Photos were registered by identifying north and south, and then 
converted into black and white images using a threshold contrast level.  White areas of the photo 
then represent open sky where light is transmitted, and black areas occur where light is blocked 
by plants in the overstory.  After a photo was registered, the program calculated the relative 
angle of light reaching the ground for each white pixel in the black and white image.  Date the 
photographs were taken, approximate start and end dates of the growing season, latitude, and 





throughout the growing season for each photograph.  Percent total light transmittance was used 
for analysis, the ratio of total light transmitted through the overstory to total light above the 
overstory.   
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 Number of treefalls and proportion of the subplot affected by treefall were also assessed 
in each of the 100 m
2
 subplots.  Number of treefalls was counted as the number of trees that 
snapped or tipped over within the plot, and also included trees that fell into the plot from outside.  
Area affected was calculated as the number of 1 m
2
 sub-subplots affected by treefall disturbance, 
either a log or crown fallen in the plot, or soil disturbances from a tip up mound.   
 
Figure 2.1.  NASA satellite image of Hurricane Gustav at 2 PM CDT, 9/1/2008, while closest to 
the study site.  Inner red circle represents approximate extent (80 km) of hurricane force winds, 
and the outer red circle represents the extent (325 km) of tropical storm force winds.  Satellite 
image was obtained from NASA Earth Observatory (http://earthobservatory.nasa.gov/), Gustav 
locations from NOAA National Hurricane Center (http://www.nhc.noaa.gov/), and state and 
parish boundaries from http://atlas.lsu.edu.  Image was produced in Quantum GIS 1.5 (Quantum 
GIS Development Team 2010).   
 
 Biomass samples were collected before fires in different burn units to represent two-year 
fuel accumulations with and without Hurricane Gustav.  Fuels collected from plots before fire in 
2010 included fuels deposited by Gustav; these plots had last been burned in the spring of 2008 
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before Hurricane Gustav.  Fuels collected from plots before fire in 2011 were not influenced by 
Hurricane Gustav; these plots had last been burned in spring of 2009, when fires consumed fine 
fuels deposited by Gustav.  Fuels were collected from eight plots in both burn units.  Plots were 
in similar locations, at the edges of crowns and not directly beneath the canopy of overstory 
trees.  Fuels were sorted and classified as ground cover vegetation, pine needles, or woody 
debris.  A timeline showing relative timing of disturbances and sampling is depicted in Figure 
2.2.   
 
Figure 2.2.  Timeline (horizontal lines) showing timing of fire (F) and hurricane (H) 
disturbances in two different burn units at Camp Whispering Pines.  Sampling, including canopy 
photos (C) and fuel biomass samples (B), is represented by vertical arrows.  Unit 1 burns on odd 
years, so the fire in 2009 consumed fine fuels deposited by Gustav; biomass samples collected 
from unit 1 before fire in 2011 represent the time period depicted by the dashed horizontal arrow, 
which would not include hurricane-deposited fuels.  Unit 2, however, burns on even years, and 
was burned in spring 2008 before Hurricane Gustav; biomass samples collected before fire in 
2010 represent the time period depicted by the dashed horizontal arrow, which includes any fuels 
deposited by Gustav that did not decompose in the interval between fires.   
 
Data Analyses 
 Analyses were conducted using SAS 9.1 (SAS Institute Inc. 2004).  Number of treefalls 
and area affected were analyzed using randomized block design Proc Mixed ANOVA, to detect 
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any differences between overstory treatments.  A priori orthogonal contrasts were conducted for 
overstory present vs. overstory absent, and overstory absent 30 years vs. absent 10 years.  
Number of treefalls and percent area affected were natural log transformed (after the addition of 
one) to correct for lack of normality in the frequency distribution of residuals.  Residuals were 
analyzed using Proc Univariate, and the Shapiro-Wilk statistic was used to determine normality.  
Linear regression was used to check for any relationship between number of treefalls and area 
affected.  Total light transmittance was also analyzed with a random block design ANOVA in 
Proc Mixed to test for effects of hurricane, overstory, and any interaction between hurricane and 
overstory.  The same orthogonal contrasts of overstory treatments were also used for total light 
transmittance.  Linear regression in Proc Reg was also used to see if change in light 
transmittance was affected by number of treefalls or area affected by treefalls.  Fuels were 
analyzed using a MANOVA test (in Proc GLM) with three variables: ground cover fuels, pine 
needles, and woody debris.  Amount of woody debris was natural log transformed to meet the 
assumption of normality for residuals.   
Results 
 Hurricane Gustav caused scattered treefalls throughout the study site.  Gustav caused 
from 0 – 3 treefalls within a given subplot.  Subplots were also affected by trees falling into the 
plot from outside; total treefalls ranged from 0 – 6 trees per subplot.  These 0 – 6 trees affected 0 
– 52% of the subplot.  On average, plus or minus standard error, 0.5 + 0.1 trees rooted within 
subplots fell, but subplots were directly affected by 1.3 + 0.2 trees on average.  Average area 
affected was 15.0 + 2.8%.   
 Number of treefalls and ground area affected by treefalls were related to overstory 
treatments.  There were more treefalls, and therefore a larger proportion of the subplot affected 
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by treefall, when the overstory was present.  The number of treefalls was about 59% (or about 
one tree) greater when the overstory was present (Figure 2.3a).  Likewise, an additional 13% of 
the subplot was affected by treefall when the overstory was present (Figure 2.3b).  A priori 
orthogonal contrasts suggest that there was a difference in number of treefalls between overstory 
present and overstory absent plots (p = 0.02), and no difference between the two overstory 
removal treatments (p = 0.75; Table 2.1).   Results were similar for proportion of plot area 
affected by treefalls, with a significant difference is between overstory present and absent 
treatments (p = 0.01), and no difference between the two overstory removal treatments (p = 0.86; 
Table 2.1).   
Table 2.1.  Results of mixed model ANOVA on number of treefalls, and proportion of area 
affected by treefalls.   
Source of Variation df F p 
Linear Contrasts: Number of Treefalls    
Overstory Present vs. Absent 1,18 6.14 0.02 
Overstory Absent 30 Years vs. 10 Years 1,18 0.10 0.75 
Linear Contrasts: Area Affected    
Overstory Present vs. Absent 1,18 7.41 0.01 
Overstory Absent 30 Years vs. 10 Years 1,18 0.03 0.86 
 
 Ground area affected by treefalls was related to the number of treefalls in the subplot.  As 
the number of treefalls in a subplot increased, the proportion of the ground area affected 
increased linearly (Figure 2.4).  This relationship was significant (p < 0.001, R
2
 = 0.77; Table 
2.2).  Because these variables were so highly correlated, only area affected was analyzed with 
respect to light transmittance.  Area affected reflects the combined effects of tree boles and 
crowns and thus should be more representative of hurricane effects on the plot.   
Table 2.2.   Summary statistics from regression analyses.   
Regression Slope Intercept df F p R
2
 
Area Affected vs. Number of Treefalls 10.41 3.17 1,28 96.09 <0.001 0.77 





Figure 2.3.  Effect of overstory treatment on number of treefalls (a), and proportion of area 
affected by treefalls (b) due to Hurricane Gustav.  Bars are back-transformed least-squares means 
+ standard error.   
 
 
Figure 2.4.  Relationship between proportion of the subplot affected by treefall and the number 






















































































 Total light transmittance varied between plots.  Pre-Gustav total light transmittance 
ranged from 37 – 45% in overstory present plots, and from 37 – 53% in overstory absent plots 
(both 10 and > 30 years absent).  These values are similar, or somewhat lower, than values 
reported in other second-growth pine savannas (Palik et al. 1997, McGuire et al. 2001, Battaglia 
et al. 2003).  Increases in light after the hurricane ranged from -1 – 8%.  Decreases in light were 
not significantly different from 0, and may have resulted from differences in cloud cover on the 
days photos were taken.  In most cases, increases in light resulted from one or two trees down 
per plot (Figure 2.5, Appendix A).   
 Total light transmittance was affected by Hurricane Gustav.  There was an overall 
average 2.3% increase in total light transmittance after Gustav (Figure 2.6).  This difference was 
significant (p = 0.004; Table 2.3).  Total light transmittance was also affected by overstory 
treatment (p < 0.001; Table 2.3).  About 5.6% more light was transmitted through the canopy 
when the overstory was removed, and there was no overall difference in light between new and 
old gaps.  The difference between present and absent overstory is significant (p < 0.001; Table 
2.3), but there was no difference between plots with recently absent (10 years) and longer absent 
(> 30 years) overstory (p = 0.14; Table 2.3).  There was also no interaction between hurricane 
and overstory treatment (p = 0.58; Table 2.3).  Unlike number of treefalls and proportion of area 
affected, overall increase in total light transmittance due to Hurricane Gustav was the same 
across all overstory treatments.  There was no relationship between change in total light 
transmittance and ground area affected by treefall (p = 0.30, R
2





Figure 2.5.  One set of canopy photos before (a, c, e) and after (b, d, f) Hurricane Gustav, when 
overstory is present (a, b), absent 10 years (c, d), or absent > 30 years (e, f).  Arrows indicate 
trees that have fallen (red) or are leaning (yellow) due to hurricane.  The treefalls pictured result 








Figure 2.6.  Least-squares mean percent total light transmittance + standard error before and 
after Hurricane Gustav.   
 
Table 2.3.  Results of mixed model ANOVA on total light transmittance.   
Source of Variation df F p 
Hurricane 1,41.2 9.47 0.004 
Overstory  2,41.8 25.75 <0.001 
Hurricane x Overstory 2,41.2 0.55 0.58 
Linear Contrasts    
Overstory Present vs. Absent 1,41.6 50.76 <0.001 
Overstory Absent 30 Years vs. 10 Years 1,42.2 2.29 0.14 
 
 Fuel accumulation was also variable.  In plots unaffected by Gustav, total fuel 
accumulation ranged from 0.71 to 1.18 kg/m
2
.  Pine needles made up the largest proportion of 
total fuels, ranging from 0.13 to 0.48 kg/m
2
.  These values are similar to ranges reported for 
other two-year accumulations in high basal area pine savanna (Robertson and Ostertag 2007), but 
are lower than observed elsewhere at the study site (Chapter 3).   
 Fuels were also affected by Hurricane Gustav.  The overall MANOVA test of hurricane 
effect was significant (p = 0.01; Table 2.4), although not all fuel categories were affected.  
Amounts of ground cover vegetation (p = 0.31), and woody debris (p = 0.59), were no different 

































needles, however, was 74% greater in samples that contained Gustav-deposited fuels (Figure 
2.7).  The difference in pine needles was significant (p = 0.002; Table 2.4).   
Table 2.4.  Results of MANOVA on fuel categories.   
Source of Variation df F p 
Model: Ground Cover 1,14 1.09 0.31 
Model: Pine Needles 1,14 14.17 0.002 
Model: Woody Debris 1,14 0.31 0.59 
MANOVA 3,12 5.51 0.01 
 
 
Figure 2.7.  Comparison of two year fuel accumulations in plots that contained (shaded bars) 
and did not contain (white bars) fuels deposited by Hurricane Gustav.  Bars are least-squares 
means + standard error.  The woody debris category has been back transformed.   
 
Discussion 
 Hurricane Gustav did not pass directly over the site, but tropical-storm force winds 
resulted in scattered treefalls, which in turn add woody fuels to the ground below, and opened 
space in the overstory for increased light transmittance.  The overall number of treefalls was 
greatest in subplots where the overstory was present.  Similar patterns of treefall have been 
reported for forests, where damage to trees growing in dense stands may be greater due to the tall 
slender trunks produced (Foster 1988, Tanner et al. 1991).  Pine savanna, however, does not 
typically form dense stands and this explanation may not apply.  Perhaps the number of treefalls 


































potentially fall.  Furthermore, when one tree falls, it may cause other nearby trees to fall as well.  
At gap edges, scattered trees may be more protected from falling neighbors.   
 Even though relatively few trees within subplots were snapped or tipped due to Hurricane 
Gustav, these trees, combined with other trees falling into subplots from outside, had large 
effects on the ground below.  When standing upright, trees affect a much smaller proportion of 
the ground than when fallen and lying horizontally on the ground.  Furthermore, when these 
woody fuels burn, they will burn at hotter temperatures for longer periods of time than fine fuels 
present in the understory, having a greater effect on understory plants, and opening space 
suitable for future longleaf regeneration (Hermann 1993, Passmore 2005, Thaxton and Platt 
2006).   
 In addition to causing scattered treefalls, Hurricane Gustav also caused partial defoliation 
of overstory trees that resulted in increased pine needle litter.  Longleaf pine needles, when dry, 
are highly flammable (sensu Fonda 2001) and result in more intense fires that are more 
damaging to understory plants (Williamson and Black 1981, Rebertus et al. 1989).  The effects 
of flammable pine needles, and less flammable leaves of other woody plants, on fire 
characteristics and survival of understory woody plants are further explored in Chapter 3.   
 Ground area affected by treefall was correlated with number of treefalls, but not with 
increase in light transmittance.  Number of treefalls, and area affected, were greatest in subplots 
where the overstory was present, but increase in total light transmittance was the same across all 
overstory treatments.  Scattered treefalls do not lead to large increases in total light 
transmittance.  Light reaching the ground through the open overstory of longleaf pine savanna 
comes not only from directly above, but also from the sides between widely spaced trunks and 
adjacent gaps that may not be directly above.  Thus, the total light transmittance within a subplot 
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is influenced by an area much greater than the 100 m
2
 where number of treefalls was recorded.  
More trees may fall when the overstory is present above the subplot, but the loss of a couple 
trees directly overhead does not have a large effect on total light transmittance.   
 Although the change in total light transmittance due to Hurricane Gustav was small, 
understory plants may be affected by the increase in light.  Previous studies (Platt et al. 2006a) 
show that the number of species in the understory of pine savanna is related to the amount of 
light transmitted through the overstory.  The relationship is especially important for uncommon 
forb species.  Based on regressions presented by Platt et al. (2006a), a 2% increase in light, as 
observed in this study, could result in the presence of about 5 more species per 100 m
2
.  Any 
response of number of species could be delayed by the time required for recruitment, but the 
increase in light after Hurricane Gustav could be particularly important for annuals and other 
short-lived species that require high light levels.  The increase in light may also benefit plants 
already present in the subplot, such as grasses (Pecot et al. 2007), and woody plants in the 
understory (Chapter 4).   
 Even though Hurricane Gustav did not pass directly over the study site and cause 
widespread mortality of overstory trees, it did have widespread effects that may have led to 
interactions with fires.  Hurricane Gustav caused scattered treefalls, which had large local effects 
where they fell.  The added woody fuels should burn hotter and for longer durations than fine 
fuels otherwise present in the understory.  In addition to increasing woody fuels through treefalls, 
the hurricane also caused increased deposition of flammable pine needles, which also lead to 
more intense fires over larger areas.  Addition of both woody and fine fuels will lead to fires that 
are more damaging to woody plants in the understory, and therefore open space for fire-tolerant 
longleaf pine (Hermann 1993).  The scattered treefalls also led to small, but significant increases 
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in light throughout the study site, which should benefit plants in the understory.  Both understory 
woody plants and pines are expected to benefit from increased light, but because of the more 




FUEL COMPOSITION INFLUENCES FIRE CHARACTERISTICS AND 
UNDERSTORY HARDWOODS IN PINE SAVANNAS 
 
Introduction 
Fuels in fire-frequented savannas are comprised of vegetation close to the ground surface.  
These fuels consist of live and dead plants in the groundcover, as well as litter shed from trees in 
the vicinity (Keane et al. 2001).  As a result, fuel type and amount vary locally depending on 
vegetation present, and this variation influences fire intensity (Thaxton and Platt 2006, Hiers et 
al. 2009, Wenk et al. 2011).  Because overstory trees can produce large amounts of litter, 
especially in seasonal environments, they potentially have strong local effects on the intensity of 
surface fires, and hence the groundcover vegetation.   
 Leaves shed by trees vary in flammability.  For example, needles of longleaf (Pinus 
palustris) and ponderosa (P. ponderosa) pines are more flammable than needles of sand (P. 
clausa) and lodgepole (P. contorta) pines (Fonda et al. 1998, Fonda 2001).  Leaves of turkey oak 
(Quercus laevis) are more flammable than those of live oak (Q. virginiana) (Kane et al. 2008), 
but leaves of both oaks are less flammable than longleaf pine needles (Williamson and Black 
1981).  In general, more flammable fuels are produced by species with leaves that are large and 
loosely packed when shed, that have low moisture content, or that contain volatile oils 
(Dimitrakopoulos and Papaioannou 2001, Behm et al. 2004, Scarff and Westoby 2006).   
 Flammability has four components, including ignitability, combustibility (intensity), and 
consumability of the fuel, and sustainability of the fire (Fonda 2001).  Different species may be 
flammable for different reasons.  Saw palmetto (Serenoa repens), for example, has low 
combustibility (as measured by energy content), but has high ignitability and consumability, and 
is therefore highly flammable (Behm et al. 2004).  In contrast, plants with volatile oils may be 
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flammable due to high combustibility (Behm et al. 2004).  Longleaf pine litter has higher energy 
content than litter from broadleaf species, but lower energy content than loblolly (P. taeda) and 
shortleaf (P. echinata) pines (Reid and Robertson 2012).  Species-level variation in flammability 
should influence local fire intensity in the vicinity of savanna trees.   
 Differences in local fire intensity resulting from fuels with different flammability should 
influence damage and survival of understory plants.  Mutch (1970), observing that many plants 
in fire-prone ecosystems had flammable tissues, hypothesized that flammability might be 
beneficial to plants in such ecosystems.  Increased flammability of leaves shed by savanna trees 
might open space for recruitment and survival of their offspring, possibly by removing 
understory competitors (Platt et al. 1988, Bond and Midgley 1995).  Increased flammability of 
leaf litter also could increase survival during fire by encouraging rapid consumption of fuels by 
fast-moving fires that are less damaging to belowground plant tissues than slower, smoldering 
fires (Varner et al. 2005; “pyrogenicity as protection” sensu Gagnon et al. 2010).  In contrast to 
the Mutch hypothesis, however, reduced flammability might also increase survival by 
suppressing fire beneath trees producing such litter (Guerin 1993, Bradstock and Cohn 2002, 
Trauernicht et al. 2012).  Reduced flammability of leaf litter may reduce fire intensity and allow 
these trees to survive fire intact, or allow resprouting trees to more quickly reach a size that can 
withstand fire (Grady and Hoffmann 2012, Hoffmann et al. 2012).   
 Plants indigenous to fire-frequented ecosystems have mechanisms for surviving fires.   
Overstory trees tend to have thick or layered bark that reduces fire damage to the vascular 
cambium (Jackson et al. 1999).  Many understory plants are top-killed (meaning aboveground 
stems are killed), but resprout from dormant meristems at ground level or on underground 
storage organs (e.g., Keeley and Zedler 1978, Buchholz 1983, Ojeda et al. 1996, Peterson and 
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Reich 2001, Drewa et al. 2002, Higgins et al. 2007, Hoffmann et al. 2009, Werner and Franklin 
2010).  Local fire characteristics, influenced by the fuels present, should influence damage to 
dormant meristems, and hence survival and regrowth of understory plants.   
 Effects of flammability on fire characteristics, and hence survival of understory plants, 
may differ among trees in longleaf pine savannas.  Longleaf pines (Pinus palustris), whose 
flammable fuels encourage fire spread, usually survive fire, while broad-leaved trees in the 
understory are top-killed and resprout (Platt et al. 1988).  Mockernut hickory (Carya alba) is one 
tree species common in the understory of pine savanna at the study site.  After fires, hickories in 
the understory resprout from root crowns typically located about 5 cm below the soil surface.  
The compound leaves of the hickory are the largest tree leaves at the study site; once shed, these 
form a thick mat surrounding stems, possibly suppressing fires and protecting the hickory stem 
and root crown (Appendix B).   
In this study I explore effects of leaves shed by savanna trees on fire characteristics and 
survival and resprouting of understory trees.  I use longleaf pine and mockernut hickory as 
species potentially producing flammable and inflammable fuels.  First, I hypothesize that pine 
fuels augment fire relative to herbaceous fuels, by increasing temperatures at ground level, 
durations of heating, and combustion of fuels.  Second, I hypothesize that hickory fuels suppress 
fire, by reducing temperatures, duration of heating, and combustion of fuels.  Third, I expect 
survival and resprouting of hickory stems to be inversely related to temperature increases and 
durations of heating.  In the field, I manipulate fuel composition around hickory stems in a 
frequently-burned pine savanna and measure fire characteristics, and regrowth of hickory stems.  
I use results of this study to postulate how local heterogeneity in flammability of fuels produced 





 I conducted my study in uplands at Girl Scouts Camp Whispering Pines (30°41' N; 90°29' 
W) in Tangipahoa Parish, Louisiana, at the western edge of the eastern Gulf Coastal Plain.  The 
overstory is dominated by longleaf pine (Pinus palustris), and the diverse understory includes 
grasses, herbs, shrubs, and small trees.  The site is managed with biennial prescribed fires ignited 
in the growing season, and occasional restoration logging to open space for longleaf 
regeneration.  Further details are given in Chapter 1.    
Experimental Design 
 I selected an area of Camp Whispering Pines with longleaf pine in the overstory and 
understory hickories in a groundcover dominated by warm season grasses.  This area, in a burn 
unit scheduled for a prescribed fire in May 2010, had last been burned in May 2008.  The ground 
was relatively level, so any effects of topography on fire were small.  The burn unit was split into 
two sub-units to be burned sequentially in midmorning to early afternoon on the same day, so as 
to minimize likelihood of damage to Girl Scout tent units located within the burn unit.   
 I selected 30 hickory genets in January 2010 after they had shed leaves.  All had a 
dominant main stem; average height of the terminal bud measured before fire was 75 + 4 cm.  
All were resprouts since the last prescribed fire, and many also had one or two smaller stems 
originating from the same root crown.  No stem had thick bark that might protect the cambium 
from fires.  Hickories were chosen far enough apart that plots would not overlap, but all 30 stems 
were within an area about 70 m in diameter.  Thus, general fire characteristics were expected to 
be similar for all stems.   
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 Litter treatments were based on observations of litter beneath hickory stems.  The 
distance of shed hickory leaves from the stems indicated that most hickory litter was deposited 
within 40 cm of the stem; this distance was used to determine plot size for litter manipulations.  
All litter present beneath stems was then removed.  When fuels were removed, most pine needles 
occurred beneath the layer of hickory leaves, a result of shedding occurring earlier in the 
dormant season for pines than hickories. I mimicked this layering when applying treatments.   
 I estimated amounts of fuels using groundcover biomass samples collected from plots of 
40 cm radius around hickory stems.  Based on mean fuel load estimates of 0.1 kg/m
2
 (Fig. 3.1), 
an average of 50 g of hickory leaf litter was expected within a 40 cm radius of hickory stems two 
years after fire, so this amount was used as the baseline for treatments.  Fifty grams of pine 
needle litter was used for comparison with the average 50 g of hickory litter, although the 
average amount of pine litter beneath hickory stems at Camp Whispering Pines, based on a mean 
fuel load of 0.6 kg/m
2
, was closer to 300 g (Fig. 3.1).  No wood was added to plots, as woody 
fuels are a minor and sporadic component of the natural fuels.  All treatments were within the 
range of natural variation, and could be found at different locations at the study site.   
 Six treatments were arranged in a 3x2 factorial design, with each treatment replicated five 
times.  Circular plots with 40 cm radius (about 0.5 m
2
) were established around each stem.  One 
of three levels of hickory fuel was added to each plot: 0 g (0 kg/m
2
), 50 g (0.1 kg/m
2
), or 100 g 
(0.2 kg/m
2
).  One of two levels of pine fuel was also added to each plot: 0 g (0 kg/m
2
) or 50 g 
(0.1 kg/m
2
).  Treatments were applied in January, 4 months before fire, so fuels would have time 
to adjust to ambient conditions and become naturally compacted.  Herbaceous plants regrew 




Figure 3.1.  Fuel loads beneath hickory stems two years after prescribed fires at Camp 
Whispering Pines.  Fuels derived from trees were divided into wood and leaves.  Hickory wood 
consisted of dead stems killed by the last fire, while pine wood included cones, bark, and 
branches. The “other” category includes herbs, lianas, and other shrub leaves, and the “litter” 
category includes partially decomposed fragments that were too small to sort, predominantly of 
pine and hickory leaves.  Bars are back-transformed least-squares means + standard error.   
 
 Prescribed fires were ignited on May 24, 2010, 22 days since the last rainfall.  On the day 
of fire, 18 stems (3 replicates of each treatment) were burned in the first burn unit, and 12 stems 
(2 replicates of each treatment) were burned in the second unit.  During burning of the first unit, 
air temperature was 32°C, with 66% relative humidity, and during burning of the second unit air 
temperature had risen to 34°C and relative humidity dropped to 56%.  Weather data were 
recorded at Hammond, LA, about 18 km south of the study site, and downloaded from the 
National Climatic Data Center, operated by the National Oceanic and Atmospheric 
Administration (http://www7.ncdc.noaa.gov/CDO/dataproduct).   
Field Measurements 
 During fires, data loggers were used to record temperatures at the soil surface beneath 
hickory stems at one second intervals.  Data loggers (U12-014) and connectors (SMC-K) were 
obtained from Onset Computer Corporation, Bourne, MA, and 0.81 mm thick insulated 



























Three meter thermocouple wires were connected to data loggers following general procedures in 
Grace et al. (2005).  Three probes were used at the base of each stem because temperatures vary 
from point to point, and thermocouple wires have an average 7% fail rate per fire.  The day 
before fire, thermocouple probes were positioned on the soil surface beneath fuel treatments at 5 
cm distances and angles of 0, 120 and 240 degrees from the stem.  The morning of the fire, data 
loggers were attached to thermocouples, enclosed in plastic bags, and buried well outside plots to 
protect the logger from temperatures experienced during fire.  I retrieved loggers about 3 hours 
after fires.  I used graphs of each temperature-time record to determine maximum temperature 
increase and residence time.  Temperature increase was calculated as the difference between the 
highest temperature during fire and ambient temperature before fire (Fig. 3.2, vertical arrows).  
Fire residence time was calculated as the amount of time that temperatures remained elevated 
above pre-fire ambient levels (Fig. 3.2, horizontal arrows).   
 I predicted different fuels would have different effects on fire characteristics.  When both 
pine and hickory fuels were absent, and only herbaceous fuels are present (Figure 3.2a), I 
expected some elevation of temperature during fire.  I expected lower temperatures and shorter 
residence times based on hypothesized fire-suppression effects of hickory fuels if hickory fuels, 
but no pine fuels, were present (Fig. 3.2c).  I also expected further lowering of temperature 
increases and shortening of residence times as the amount of hickory fuels increased in the 
absence of pine fuels, as more fuels with low flammability would be further compacted and 
retain more moisture (Fig. 3.2e).  In contrast, I hypothesized that pine fuels should increase 
temperatures and residence times above those resulting from herbaceous fuels, especially in the 
absence of hickory fuels (Fig. 3.2b).  I expected temperatures and residence times between those 
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for pine alone or hickory alone due to hypothesized opposing effects of hickory and pine fuels 
when both were present (Fig. 3.2d,f).    
 
Figure 3.2.  Predicted responses of temperature-time curves for various treatments: (a) when 
both hickory and pine fuels are absent, (b) when pine is present but hickory is absent, (c) when 
hickory is present but pine is absent, (d) when both pine and hickory are present in the same 
amounts, (e) when a greater amount of hickory is present but pine is absent, and (f) when pine is 
present with a greater amount of hickory.  Temperature increases (vertical arrows) and residence 
times (horizontal arrows) are derived from logger data on changes in temperature over time at 
one second intervals during fires.   
 
 After fire, I assessed survival and regrowth of hickory stems.  I recorded number of 
stems, number of leaves, and resprout height (the distance above ground of the terminal bud of 
the tallest resprout) for each hickory in July and September, 2 and 4 months after fire.  Resprout 
location along the stem was measured as the distance from the ground to the base of the highest 
resprout; if all resprouts originated from the underground root crown this distance was zero.   
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 In the spring of 2012, the same 6 treatments were repeated in open areas of the pine 
savanna to measure fuel combustion.  Three replicates of each treatment were established in 
early March in the same burn unit that had been used in 2010.  Pre-fire fuel samples were 
collected from a 20 x 20 cm square within each circular plot of 40 cm radius to quantify total 
fuels present before fire.  Prescribed fires were ignited on May 21, 2012 during mid-morning, at 
the same time of day as the prescribed fire in the first unit of 2010, and weather conditions were 
similar.  After fire, unconsumed fuels were collected from an adjacent 20 x 20 cm square within 
each circular plot (Appendix B).  Due to the growth of vegetation in the interval (March – May) 
between pre- and post-fire sampling, total fuel combustion could not be estimated.  Instead, 
unconsumed pine and hickory fuels were sorted from each pre- and post-fire sample, oven dried, 
and weighed to obtain mass.  Percent combustion of pine and hickory fuel was then calculated as 
the ratio of unconsumed post-fire fuel mass to pre-fire fuel mass.   
Data Analysis 
 Analyses were conducted using SAS 9.1 (SAS Institute Inc. 2004).  Temperature 
increases and residence times were analyzed using Proc Mixed ANOVA.  I included a random 
effect for stem and fixed effects for fuel treatments (pine and hickory) and fire unit to detect any 
differences between successive fires burned at different times of the day when fuel moistures 
were different.  Denominator degrees of freedom were calculated using the Kenward-Roger 
method.  Of the 90 data loggers (6 treatments x 5 replicates x 3 loggers each stem), six 
malfunctioned and failed to record temperatures during fire and so were excluded from analysis.   
Residuals were examined for normality using Proc Univariate and the Shapiro-Wilk statistic.  
Temperature increase was natural log transformed to correct for lack of normality, and no 
transformation was required for residence time.  One additional outlier with respect to residence 
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time was removed from analysis; this data point was about 7 deviations from the mean when 
residuals were analyzed in Proc Univariate, temperatures at this data point remained elevated for 
nearly 40 minutes and could be due to burning wood falling on the thermocouple probe during 
fire.  ANCOVA in Proc Mixed was used to analyze relationships between residence times and 
temperature increases, with fuel treatments as covariates.  Multiple regression in Proc Reg was 
used to detect relationships between hickory regrowth (resprout location, resprout height) and 
fire characteristics.  I used backward variable selection to select fire variables that best explained 
survival and regrowth.  Percent combustion was also analyzed using Proc Mixed ANOVA.  
Combustion of pine litter was analyzed with respect to hickory treatments.  Combustion of 
hickory litter was analyzed with respect to pine and hickory treatments, to test for differences in 
combustion of hickory fuels depending on the presence of pine, or the amount of hickory litter.   
Results 
 Characteristics of fires varied considerably among plots.  Average ambient temperature at 
ground level recorded just prior to ignition of local fuels around thermocouples was 31 + 0.35°C.  
Maximum temperatures during fires at ground level ranged from 32°C to 561°C.  The average 
maximum temperature recorded across all treatments was 148 + 11°C, similar to values observed 
(147 + 7°C) at ground level in annually-burned undisturbed Florida sandhill (Gibson et al. 1990).  
These maximum temperatures were lower than those recorded in other studies in pine savannas 
in which temperatures were recorded above ground level or with higher fuel loads (Williamson 
and Black 1981, Olson and Platt 1995, Drewa et al. 2002, Kennard et al. 2005, Thaxton and Platt 
2006).   Residence times also varied among plots, ranging from 2 – 23 minutes, with an average 
of 12.9 + 0.48 minutes across all treatments.  These values are similar to those reported (13.3 + 
1.66 minutes) above the ground in wiregrass patches within Carolina sandhill (Wenk et al. 2011).  
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These durations measured in pine savanna are also similar to those recorded (13.0 + 0.77 
minutes) above the ground in Ohio oak-hickory forest (Iverson et al. 2004), but are much shorter 
than observed (219 minutes) at ground level in Spanish maquis (Molina and Llinares 2001).  Fire 
characteristics are summarized in Table 3.1.   
Table 3.1. Summary of fire characteristics across all treatments.  Temperatures are given in 
degrees Celsius and times in minutes.   
 Value Standard Error 
Average Ambient Temperature 31.44 0.35 
Lowest Maximum Temperature 31.68  
Highest Maximum Temperature 560.83  
Average Maximum Temperature  147.72 11.40 
Lowest Temperature Increase 1.00  
Highest Temperature Increase 529.15  
Average Temperature Increase 116.27 11.36 
Shortest Residence Time 1.62  
Longest Residence Time 22.97  
Average Residence Time 12.90 0.47 
Shortest Time Above 60°C 0.00  
Longest Time Above 60°C 13.23  
Average Time Above 60°C 3.71 0.31 
 
 Characteristics of fires were influenced by pine fuel load but not by hickory fuel load.  
Mean maximum temperature increases at ground level were 60°C (+ 1 SE ranged from 40 to 
92°C) when only herbaceous fuels were present (Fig. 3.3a). Addition of different amounts of 
hickory fuels did not significantly change mean maximum temperature increases (p = 0.85; Table 
3.2).  In contrast, addition of pine fuels doubled temperature increases over herbaceous fuels, 
resulting in mean maximum temperature increases of 120°C (+ 1 SE ranged from 79 to 182°C; 
Fig. 3.3a). These effects were significant (p = 0.04).  Interactions between pine and hickory fuels 




Figure 3.3.  (a) Effect of pine and hickory fuels on maximum increase in temperatures at ground 
level during prescribed fires in May, 2010.  Bars are back-transformed least-squares means + 
standard error.   (b) Effect of pine and hickory fuels on residence times.  Bars are least-squares 
means + standard error.   
 
Table 3.2.  Results of mixed model ANOVA on temperature increase.   
Source of Variation df F p 
Pine 1, 18.6 4.87 0.04 
Hickory 2, 18.6 0.16 0.85 
Pine x Hickory 2, 18.6 0.17 0.84 
Fire Unit 1, 18.6 5.50 0.03 
Fire Unit x Pine 1, 18.6 11.88 0.003 
Fire Unit x Hickory 2, 18.6 0.18 0.83 
Fire Unit x Pine x Hickory 2, 18.6 0.36 0.70 
 
Fire residence times were also influenced by pine, but not hickory fuels.  Temperatures 



































































present (Fig. 3.3b).  Addition of different amounts of hickory fuels neither shortened nor 
lengthened residence times (p = 0.82).  Addition of pine fuels, however, significantly lengthened 
(p < 0.001) residence times to 15.9 + 1.3 minutes (Fig. 3.3b).  Interactions between pine and 
hickory fuels were not significant (Table 3.3).  Residence times were related to temperature 
increases (p < 0.001; Table 3.4).  Temperature increases and residence times tended to be smaller 
in the absence than in the presence of pine fuels (Fig. 3.5a).   
Table 3.3.  Results of mixed model ANOVA on fire residence time.   
Source of Variation df F p 
Pine 1, 19.3 20.76 <0.001 
Hickory 2, 19.3 0.20 0.82 
Pine x Hickory 2, 19.3 0.20 0.82 
Fire Unit 1, 19.3 2.95 0.10 
Fire Unit x Pine 1, 19.3 0.25 0.62 
Fire Unit x Hickory 2, 19.3 0.50 0.61 
Fire Unit x Pine x Hickory 2, 19.3 0.43 0.65 
 
Table 3.4.  Results of mixed model ANCOVA of fire residence time.   
Source of Variation df F p 
Temperature Increase 1,24 43.22 <0.001 
Pine 1,24 14.80 0.001 
Temperature Increase x Pine 1,24 0.08 0.79 
 
 Successive prescribed fires in the two different burn units produced some differences in 
fire characteristics at ground level.  Maximum temperature increases were significantly lower (p 
= 0.03) in the earlier fire (typically about 50°C above ambient temperatures) than in the later fire 
(typically > 100°C above ambient temperatures).  Residence time was not significantly different 
between the two fires.  There also was a significant interaction between timing of fire and pine 
treatments (p = 0.003).  During the first fire, the presence of pine litter elevated fire temperatures, 
but during the second fire, temperatures were generally higher regardless of the fuel present 
beneath hickory stems (Fig. 3.4).  There were no significant interactions between hickory fuels 




Figure 3.4.  Interaction of fire unit with pine fuel treatment.  During the first (cooler) fire, the 
presence of pine litter had a large effect on temperature increase.  During the second (hotter) fire, 
there was no significant effect of pine fuel on fire temperature.  Bars are back-transformed least-
squares means + standard error.   
 
 All hickories survived fire, but fuel treatments affected resprout location along the stem.  
When pine fuels were present, all hickories were top-killed to the ground, and resprouted from 
belowground buds.  In contrast, when pine fuels were absent, all stems were partially killed, but 
78.6% resprouted from aboveground buds on the stem.  When only herbaceous fuels were 
present, 80% of hickories resprouted from aboveground buds, on average 10.0 + 1.0 cm above 
the ground.  Addition of hickory fuels had no effect on resprout location.  Resprout location also 
varied between the two fires.  Half of the hickories burned during the first fire, and 18.2% of 
hickories burned during the second fire, resprouted from aboveground buds.  When pine litter 
was absent, all hickories burned during the first fire, and 40% of hickories burned during the 
second fire, resprouted from aboveground buds along the original stem.   Hickories that 
resprouted from aboveground buds tended to experience both lower temperature increases and 































Figure 3.5.  (a) Relationship between residence times and temperature increases in plots burned 
during prescribed fires in May, 2010.  (b) Relationship between location of resprouts along stems 
(distance above the ground) and average maximum temperature increase in the plot.  (c) 
Relationship between resprout height, measured 4 months after fire, and temperature increase 
during fire.  In all graphs, circles represent plots where pine fuels were absent; squares represent 
plots where pine fuels were present.  Filled symbols indicate plots in which hickory resprouted 
above ground level.   
 
Resprout locations along the stem were related to fire characteristics.  As maximum 
temperature at ground level increased, the likelihood of resprouting above ground decreased, and 












































































that resulted in aboveground resprouting was 73°C above ambient temperature (Fig. 3.5b).  The 
relationship between temperature increase and resprout location was significant (p < 0.001; 
Table 3.5), with an R
2
 of 0.55.  Four months after fire, total heights of resprouting stems were 
still correlated with fire temperatures (p = 0.001, R
2
 = 0.36).  Hickories that had experienced 
lower temperature increases during fire were generally taller four months later (Fig. 3.5c).  Total 
resprout height was also correlated with resprout location (p = 0.02, R
2
 = 0.19; Table 3.5).  
Stems that resprouted above the ground were generally taller four months after fire (Fig. 3.6).   
Table 3.5.  Summary statistics from ANCOVA and regression analyses.   
Regression Slope Intercept df F p R
2
 
Residence Time vs. Temperature Increase:       
     Pine Absent 1.55 4.46 1,11 11.57 0.006 0.51 
     Pine Present 1.85 6.62 1,13 3.63 0.08 0.21 
Resprout Location vs. Temperature Increase -3.24 16.91 1,26 31.20 <0.001 0.55 
Resprout Height vs. Temperature Increase -0.09 48.08 1,26 14.82 0.001 0.36 
Resprout Height vs. Resprout Location 1.09 34.08 1,26 6.21 0.02 0.19 
 
 
Figure 3.6.  Relationship between resprout height and resprout location.   
 
 Pine litter was important for the combustion of hickory litter, but hickory litter had no 
effects on the combustion of pine litter.  On average, 68 + 7% of hickory litter burned when no 
pine litter was present.  When pine litter was added, percent combustion of hickory litter 
increased to 95 + 7% (Figure 3.7).  This difference was significant (F1,7 = 7.61, p = 0.03).  It 
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there was no interaction between amount of hickory litter and pine fuel treatment (F1,7 = 0.36, p 
= 0.57).  In contrast, hickory litter had no effect on pine combustion (F2,5 = 1.03, p = 0.42).  On 
average, 83 + 5% of pine needle litter burned regardless of presence or amount of hickory litter 
present (Appendix B).   
 
Figure 3.7.  Effects of pine needles on percent combustion of hickory leaves.  Bars are least 
squares means + standard error.   
 
Discussion 
 My study demonstrates that shed needles of longleaf pine have large effects on fire 
characteristics and understory trees in pine savannas.  Flammable needles (sensu Mutch 1970, 
Fonda 2001) increase fire temperatures and residence times, as well as top-kill understory 
hickories, even when fuels are moistened by dew as in the morning fire at the study site.  Most 
juvenile life cycle stages of longleaf pine survive groundcover fires, and so shed pine needles are 
likely to have greater effects on other understory trees than on understory pines (Platt 1999, 
Brockway et al. 2006).  Because flammable needles are shed over areas larger than the crowns of 
trees, even low densities of needles away from trees should facilitate fires that maintain space 
suitable for recruitment of pines (Platt et al. 1988).  Thus, alteration of fire by overstory longleaf 



































other trees indigenous to savannas.  Therefore, these results further support the idea that longleaf 
pine is an ecosystem engineer (Jones et al. 1994, Platt et al. 2006b, Beckage et al. 2009).   
 Hickories do not engineer fire characteristics, in contrast to predictions that hickory fuels 
may suppress fires.  According to the pyrogenicity as protection hypothesis, flammability should 
not benefit plants that are subject to large inputs of fuels from other species.  Fuels deposited by 
these plants contribute less to fuel loads and are less likely to modify fire characteristics (Gagnon 
et al. 2010).  This may be the case for hickories in pine savannas; there tend to be more pine 
fuels than hickory fuels beneath hickory stems in the vicinity of large pines.  In the presence of 
flammable fuels, fire top-kills hickory stems; hickory leaves provide no protection, either by 
burning rapidly or by suppressing fire when any flammable pine fuels are present.  Nonetheless, 
hickory stems located well away from pines are likely to resprout aboveground, at least when 
fires occur frequently and fuel accumulations remain small.  Such hickories should become taller 
more quickly and might eventually reach a size that can withstand low intensity fires.   
 Understory savanna trees are able to survive fires by resprouting under many different 
fire regimes.  Woody plant cover may be reduced, but not eliminated, under short fire return 
intervals (e.g., Sankaran et al. 2005, Smit et al. 2010).  Even after 20 years of annual growing 
season fires, some woody plants survive by resprouting repeatedly (Waldrop et al. 1992), and I 
note similar results for Camp Whispering Pines after almost two decades of restoration using 
prescribed fires.  Increases in fire intensity can increase top-kill of woody plants (Trollope and 
Tainton 1986), but higher likelihoods of mortality tend to result primarily from fuels that 
produce the largest increases in fire temperatures and burn for long periods of time (Thaxton and 
Platt 2006).  Fires early in the growing season when woody plants are investing in aboveground 
growth also are expected to limit resprouting, but not remove them from the groundcover 
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(Glitzenstein et al. 1995, Olson and Platt 1995, Drewa et al. 2002, Smit et al. 2010).  Although 
fire characteristics may damage or limit responses, once established, savanna trees and shrubs 
have a high likelihood of persisting for long periods of time in an “oskar” life cycle stage (sensu 
Horvitz et al. 1998; an understory plant in a suppressed juvenile state) by resprouting 
repeatedly).  Similar patterns have been noted in other savanna trees as well e.g., “gullivers” 
(sensu Bond and Van Wilgen 1996), “grubs” (sensu Peterson and Reich 2001), and other trees 
caught in the “fire trap” (Hoffmann et al. 2009).  Such suppressed individuals may allocate more 
to root biomass for photosynthate storage so that they may resprout after shoots are killed by fire 
(Schutz et al. 2009, Tomlinson et al. 2012).   
 Resprouting life histories may result in persistence of understory trees such as hickories 
in southeastern savanna landscapes dominated by ecosystem-engineering pines.  The dynamics 
of populations of resprouting trees potentially could operate on time scales longer than the 
multiple-century life spans of reseeding pines.  Establishment, then subsequent growth and 
survival of woody plants should occur primarily in transiently open patches well away from 
overstory pines, where fire characteristics are less likely to be influenced by shed pine needles 
(Rebertus et al. 1989, Rebertus et al. 1993).  Once established, woody plants should survive as 
resprouting shrubs until any pines present in the vicinity have died and conditions become 
favorable for growth into the overstory.  Once woody plants reach a size large enough to escape 
the “fire trap” (sensu Hoffmann et al. 2009) they may be able to reproduce, and eventually 
become large trees, as might be expected in open sandhills where recruitment of pines is limited 
(e.g., Greenberg and Simons 1999).  Large overstory trees such as hickories also may have 
survived along slopes where fires were of lower intensity, provided flammable fuels from 
savanna pines were not present (Platt and Schwartz 1990, Harcombe et al. 1993).  Similar 
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patterns are expected for other resprouting savanna trees (e.g., Higgins et al. 2007), and forest 
trees that may invade savannas during fire-free intervals (e.g., Hoffmann et al. 2009).  Moreover, 
the spreading branches and persistent (in the fall) canopy leaves of overstory trees such as 
hickory may greatly reduce the amount of pine needles falling underneath the canopy.  As a 
result, bases of such large trees may be protected from fire, and the ground may be shaded 
enough to prevent longleaf establishment, enabling woody plant seedlings to become established 
and reach a size sufficient to survive fire.  Local variation in successive fires comprising fire 
regimes as a result of variation in pine fuels thus could drive savanna landscape dynamics that 




EFFECTS OF OVERSTORY AND FIRE ON UNDERSTORY 
HARDWOODS IN A LONGLEAF PINE SAVANNA 
 
Introduction 
 Persistence of savanna trees and shrubs depends on survival of recurrent, often frequent 
fires in the groundcover.  Larger trees tend to have thick or layered bark that insulates the 
cambium from fires (Jackson et al. 1999, Platt 1999, Hoffmann et al. 2012).  In contrast, woody 
plants (small trees and shrubs) in the understory typically are top-killed in each fire.  Such 
woody plants rely on resprouting from dormant belowground meristems to recover lost biomass 
and replenish stored resources before the next fire top-kills them again (Schutz et al. 2009, 
Tomlinson et al. 2012).  Many woody savanna plants are clonal, with individual genets 
consisting of underground rhizome systems capable of producing aboveground shoots (ramets) 
rapidly after fires (e.g., Drewa et al. 2002, Saha and Howe 2003, Drewa et al. 2006). 
Nonetheless, recurrent fires can generate a “fire trap” that involves a repeated pattern of top-kill 
and regrowth until the next fire, which can block growth to a large size (Hoffmann et al. 2009, 
Grady and Hoffmann 2012).   
 Savanna woody plants often are capable of resprouting under different fire regimes.  
Aboveground cover of woody plants may be reduced, but not eliminated, when fires have short 
return intervals (Waldrop et al. 1992, Sankaran et al. 2005, Smit et al. 2010), occur early in the 
growing season (Glitzenstein et al. 1995, Olson and Platt 1995, Drewa et al. 2002, Smit et al. 
2010), or are of higher intensity (Trollope and Tainton 1986, Thaxton and Platt 2006).  When 
fire regimes remain stable, stems of woody plants are likely to attain roughly the same size 
between fires; populations may be comprised of smaller sizes when fires are more frequent or 
severe, and of larger sizes when fires are less frequent or severe (Grady and Hoffmann 2012).  
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Escape from the fire trap has been suggested to occur either when fire return intervals are long or 
if there are places in the landscape where fires do not occur (Chapter 3).   
 Windstorm disturbances such as hurricanes may augment or reduce effects of fire traps in 
savannas.  In savannas periodically experiencing hurricane-force winds, such as pine savannas in 
southeastern North America, small-statured understory woody plants are not often directly 
affected by hurricane winds (Myers and van Lear 1998, Platt et al. 2000).  Nonetheless, they 
potentially are affected, but in different ways, by hurricane-induced damage and mortality of 
overstory trees (Boucher 1990, Lugo and Scatena 1996, Batista and Platt 2003, Quigley and Platt 
2003).  First, hurricane damage and mortality of overstory trees add both coarse and fine fuels to 
the groundcover (Hermann 1993, Chapter 2).  These added fuels are likely to burn at greater 
intensities, potentially damaging and killing understory plants (Myers and van Lear 1998, 
Passmore 2005, Thaxton and Platt 2006).  Such post-hurricane fuel accumulations should be 
patchy in savanna landscapes because overstory trees are resistant to hurricane wind damage and 
mortality rates typically are low (Platt and Rathbun 1993, Slater et al. 1995, Platt et al. 2000, 
Chapter 2).  Thus, effects of hurricanes that increase fire severity, and decrease the likelihood 
that woody plants will escape the fire trap, should be restricted to localized areas interspersed 
among larger background areas.  Second, because treefalls are highly localized, there should also 
be patches in which hurricanes generate reduced fuels.  Mortality of overstory trees that opens 
space should generate patches in savanna landscapes without large accumulations of fuels (i.e., 
away from fallen tree crowns and boles).  Thus, effects of hurricanes should include patches with 
reduced magnitude of fire traps affecting understory plants.  As a result, understory woody plants 
in savannas experiencing periodic openings in the overstory might be able to escape the fire trap.   
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 In this study I experimentally explore effects of removal of overstory trees on responses 
of understory woody plants in a pine savanna of the southeastern United States.  Effects of a 
hurricane were simulated by removing overstory trees from selected patches.  Trees were felled 
in ways that did not disrupt the ground layer and minimally affected understory plants.  In this 
way, one patch type produced by hurricanes was simulated: absence of overstory trees, but no 
parts of trees were present in plots (Platt et al. 2006a).  Ten years later (after 5 biennial 
prescribed fires), I studied understory woody plants in replicated plots above which there had 
been no overstory trees for 10 years, no overstory trees for > 30 years, or overstory trees for 
many decades.  In this way, I simulated a chronosequence that starts with overstory pines 
present, shifts to no overstory trees present (and no effects on the groundcover) for a decade, and 
then remains open, without an overstory for a number of decades.  
I hypothesized that the removal of overstory trees, when there is no augmentation of fuels 
on the ground, should reduce the fire trap that constrains smaller trees and shrubs.  I therefore 
hypothesized that numbers of woody plant species, sizes of genets of these plants (especially 
densities of stems comprising clonal shrubs and trees), and sizes of ramets comprising genets 
should increase in recent openings (relative to woody plants beneath overstory trees).  If the 
overstory remains open over decades, I expect woody plants to continue to benefit from reduced 
intensity of fires, with increases in sizes of ramets and genets, perhaps eventually resulting in 
survival of fires (i.e., escape the fire trap).   
 Variations in effects on understory woody plants resulting from the presence or absence 
of overstory trees and the length of time since overstory trees were present should vary with the 
background matrix of frequent fires.  To evaluate the ability to escape the fire trap, I used 
biennial prescribed fires during the study, and measured number of species, stem density, and 
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growth (height and diameter) of woody plants in plots subjected to experimental alterations of 
overstory trees.  Results of this study were used to evaluate hypotheses and explore the concept 
of fire traps in southeastern pine savannas.   
Methods 
Study Site 
 I conducted my study in uplands at Girl Scouts Camp Whispering Pines (30°41' N; 90°29' 
W) in Tangipahoa Parish, Louisiana, at the western edge of the eastern Gulf Coastal Plain.  The 
overstory is dominated by longleaf pine (Pinus palustris), and the diverse understory includes 
grasses, herbs, shrubs, and small trees.  The site is managed with biennial prescribed fires ignited 
in the growing season, and occasional restoration logging to open space for longleaf 
regeneration.  Further details are given in Chapter 1.   
Sampling Design 
Sampling was conducted under three different overstory treatments.  Following 
restoration logging in 1996, three 100 m
2
 (10 x 10 m) subplots were established within each of 
ten 1-ha plots in 2001.  Subplots were randomly located within plots, subject to the following 
restrictions: one subplot was within each logged patch > 10 m from any living pine, one was in 
an opening that had existed for > 30 years also > 10 m from any living pine, and one was 
underneath continuous cover of overstory pines (see Chapter 1 for further details).  I randomly 
selected ten, 1 m
2
 (1 x 1 m) sub-subplots within each subplot, for a total of 300 samples.  I 
recorded densities of stems of each woody plant species.  Densities were counted as number of 
stems arising from the ground, and clonal ramets were counted as separate stems.  Also within 
each 100 m
2
 overstory subplot, 25 individual woody plant stems were randomly selected to 
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measure growth.  Stem height (in cm) and basal diameter (in mm) were measured for each stem, 
for a total 750 stems per sample year.   
 All subplots were sampled during the summer of 2006 and 2007.  The same 1 m
2
 sub-
subplots were sampled both years, for a total 600 samples.  Where possible, the same woody 
plant stems were also measured in 2007.  When the original stems had been burned or died, the 
nearest resprouting stem of the same species (within a half-meter radius) was measured.  If no 
stem of the same species could be located in the vicinity, the genet was considered dead, and the 
data point was excluded for the second year of sampling.  Still, there were nearly 1500 data 
points for stem height and diameter.  Plots burned in 2006 were sampled 2 months after fire in 
2006, and 14 months after fire in 2007; plots burned in 2005 and sampled 14 months after fire in 
2006, were again sampled 2 months after fire in 2007.  Although initially an unbalanced design 
with respect to time since fire, after 2 years of data collection the design is balanced.   
 Canopy photos were taken to quantify differences in light between overstory treatments.  
Three canopy photos were taken at the same location in the center of each 100 m
2
 subplot and 
the clearest photo of each subplot was used for analysis.  Canopy photos were taken using a 
Nikon 4500 Coolpix digital camera with an attached Nikon EC-8 fisheye converter lens to 
produce hemispherical 180° photographs.  Photos were taken on a tripod at 0.75 m height on a 
single cloudy day.  Photos were analyzed using Gap Light Analyzer 2.0 (Frazer et al. 1999), 
using settings described by Passmore (2005).  Photos were registered by identifying north and 
south, and then converted into black and white images using a threshold contrast level.  White 
areas of the photo then represent open sky where light is transmitted, and black areas occur 
where light is blocked by plants in the overstory.  After a photo was registered, the program 
calculated the relative angle of light reaching the ground for each white pixel in the black and 
50 
 
white image.  Date the photographs were taken, approximate start and end dates of the growing 





) throughout the growing season for each photograph.  Percent total light 
transmittance was used for analysis, the ratio of total light transmitted through the overstory to 
total light above the overstory.   
Statistical Analyses 
 Dependent variables were analyzed using repeated measure split plot ANOVA tests, 
using Proc Mixed in SAS (SAS Institute Inc. 2004).  Time since fire was the main plot treatment, 
each 1-ha plot was treated as a random block to account for variance between areas of the study 
site, overstory condition was the subplot treatment, and sampling was repeated in 2006 and 2007.  
A priori orthogonal contrasts were utilized to detect difference between overstory treatments.  
The contrasts were 1) overstory absent (30 & 10 years) vs. overstory present, and 2) overstory 
absent 30 years vs. absent 10 years.  Normality of residuals was examined using Proc Univariate 
and the Shapiro-Wilk statistic.  Number of species was square root transformed after the addition 
of one.  Stem density was transformed with a natural log after adding one.  Stem height and 
diameter were also natural log transformed.  Denominator degrees of freedom were calculated 
using the Kenward-Roger method.  Least squares means were calculated and a critical level of 
alpha = 0.05 was used to determine significance.  A MANOVA test was also conducted in Proc 
GLM on number of species and stem density but yielded results no different from the individual 
ANOVA tests.  Pre-Gustav total light transmittance (Chapter 2) was also analyzed in relation to 
overstory treatment using an ANOVA analysis, with the same orthogonal contrasts.  Proc Mixed 
ANCOVA analyses with time since fire as a covariate were used to detect relationships between 




 A total of 22 woody plant species were recorded in all 300 sub-subplots.  Numbers of 
woody plant species in single 1 m
2
 sub-subplots ranged from 0 to 5.  Based on total numbers of 
stems in sub-subplots, the three most common species were clonal shrubs (Rhus copallinum, Ilex 
glabra, Gaylussacia dumosa); other species were much less common (Table 4.1).  Stem densities 
in a single square meter sub-subplot were variable.  Densities ranged from 0 – 155 stems/m
2
, and 
were highest within the middle of a large Ilex glabra clone.  Stem heights ranged from 2.8 to 
169.1 cm, and basal diameters ranged from 0.2 to 25.4 mm.  Data for all species in all plots 14 
months after fire are summarized in Table 4.1.   
Diameters and heights of stems (ramets) comprising genets were strongly correlated.  
Relationships were highly significant (F1,745 = 2450, p < 0.0001, R
2
 = 0.77).  Most species 
appeared to follow a similar linear trend (Table 4.1).  Carya alba was an exception in that for 
any given basal diameter, stems were shorter than for the other species (Figure 4.1).  With Carya 
removed from the regression, the R
2
 value increased to 0.81, and F1,727 = 3044.  Because growth 
variables were strongly correlated, diameter was excluded from further analyses.  Stem height 
alone was used to relate size of ramets to overstory treatments and time since fire.   
 
Figure 4.1.  Relationship between height and diameter for the 10 most common woody species 

































Table 4.1.  Summary data for all woody plant species observed, 14 months since fire.  Height-diameter relationships are given for the 
10 most common species.  Rarer species generally followed the same pattern as Rhus copallinum, but the low sample size made trends 
less reliable.   




Relative Abundance Number of 
Stems Measured 
Height vs. Diameter 
Mean SE Slope Intercept 
Acer rubrum 6 0.17% 0.06% 0.06% 0   
Callicarpa americana 33 0.95% 0.74% 0.38% 8   
Carya alba 52 1.50% 3.60% 0.89% 18 3.15 3.05 
Crataegus marshallii 3 0.09% 0.76% 0.51% 1   
Diospyros virginiana 93 2.68% 4.56% 0.98% 36 10.03 2.75 
Gaylussacia dumosa 751 21.66% 12.00% 1.62% 44 11.99 2.25 
Ilex glabra 831 23.96% 8.75% 1.54% 75 14.98 2.48 
Ilex vomitoria 185 5.33% 3.56% 0.86% 27 11.44 2.71 
Ligustrum sinense 92 2.65% 1.71% 0.62% 10   
Liquidambar styraciflua 118 3.40% 4.29% 0.96% 18 7.96 3.06 
Morella cerifera 9 0.26% 0.42% 0.37% 3   
Prunus serotina 32 0.92% 1.56% 0.61% 6   
Quercus falcata 11 0.32% 0.59% 0.30% 5   
Quercus nigra 52 1.50% 1.84% 0.54% 12 7.05 3.64 
Quercus stellata 12 0.35% 0.58% 0.37% 2   
Quercus virginiana 10 0.29% 0.49% 0.31% 3   
Rhus copallinum 833 24.02% 43.78% 2.28% 407 6.93 3.25 
Sassafras albidum 55 1.59% 2.50% 0.59% 28 9.97 2.74 
Vaccinium arboreum 132 3.81% 5.11% 1.02% 28 8.77 3.06 
Vaccinium darrowii 105 3.03% 1.51% 0.57% 6   
Vaccinium elliottii 22 0.63% 0.76% 0.34% 7   





 Overstory treatment influenced number of species, but time since fire did not.  The 
number of species was greatest in 1 m
2
 sub-subplots beneath overstory trees, and remained 
similar when overstory was recently removed (Figure 4.2a).  Nonetheless, there were 25% fewer 
woody species in sub-subplots where the overstory had not been present for at least several 
decades (Figure 4.2a).  Overstory thus had significant effects on number of species (p = 0.003; 
Table 4.2), and linear contrasts indicated a difference between overstory absent 10 years and 
overstory absent 30 years (p = 0.003; Table 4.2).  Time since fire had no effects on the number of 
shrub species (p = 0.46; Table 4.2).  The number of shrub species per square meter remained 
constant whether the plot had burned 2 or 14 months prior to sampling.   
Table 4.2.  Results of mixed model ANOVA for number of species.   
Source of Variation df F p 
Overstory  2,54 6.39 0.003 
Time Since Fire 1,54 0.56 0.46 
Overstory x Time Since Fire 2,54 0.19 0.82 
Linear Contrasts    
Overstory Present vs. Absent 1,54 3.05 0.09 
Overstory Absent 30 Years vs. 10 Years 1,54 9.73 0.003 
 
The densities of stems in genets exhibited a similar pattern with respect to overstory 
treatments and time since fire.  Stem densities were greatest beneath an overstory and recently 
removed overstory (Figure 4.2b).  When the overstory remained absent for > 30 years, however, 
there were 42% fewer stems (Figure 4.2b).  Overstory thus had significant effects on stem 
density (p = 0.007; Table 4.3), and linear contrasts again indicated a significant difference 
between 10- and 30-year absent overstory (p = 0.003; Table 4.3).  Shrub stem density was 
slightly greater after a more recent fire; stem density decreased about 20% by 14 months after 




Figure 4.2.  The number of species of woody plants (a), the density of stems (b), and heights of 
stems (c) in plots with overstory trees present, overstory trees absent for ten years, and overstory 
trees absent for > 30 years. Vertical bars are back-transformed least-squares means + standard 

















































































Table 4.3.  Results of mixed model ANOVA for stem density.   
Source of Variation df F p 
Overstory  2,36 5.64 0.007 
Time Since Fire 1,18 2.00 0.17 
Overstory x Time Since Fire 2,36 0.46 0.64 
Linear Contrasts    
Overstory Present vs. Absent 1,36 1.15 0.29 
Overstory Absent 30 Years vs. 10 Years 1,36 10.12 0.003 
 
Stem height, however, responded differently to overstory treatments and time since fire.  
Shrub stems were 48% taller under an open overstory than under overstory trees (Figure 4.2c).   
This difference was significant (p < 0.001; Table 4.4).  Stems were tallest under recently 
removed overstory, and were about 12% shorter when the overstory remained absent for a longer 
period of time, though still taller than under an overstory.  Unlike number of species and stem 
densities, this difference in stem heights between overstory absent 10 years and > 30 years was 
marginally significant (p = 0.06; Table 4.4).  Shrubs were taller with more time since the last 
fire.  Height increased by about 69% as more time (14 months) elapsed (Figure 4.3).  This 
difference was significant (p < 0.001; Table 4.4).   
 
Figure 4.3.  Stem height for woody plants at Camp Whispering Pines, 2 and 14 months since last 


























Table 4.4.  Results of mixed model ANOVA for heights of stems.   
Source of Variation df F p 
Overstory  2,35.8 25.47 <0.001 
Time Since Fire 1,18 42.15 <0.001 
Overstory x Time Since Fire 2,35.8 0.76 0.47 
Linear Contrasts    
Overstory Present vs. Absent 1,35.9 47.01 <0.001 
Overstory Absent 30 Years vs. 10 Years 1,35.8 3.93 0.06 
  
 Total light transmittance was greater when the overstory was absent.  Total light 
transmittance was almost 5% greater under an open overstory and no different whether the 
overstory was absent 10 or > 30 years (Figure 4.4).  The difference between overstory present 
and absent was significant (p = 0.001), and there was no difference in total light transmittance 
between plots with overstory absent for different lengths of time (p = 0.69; Table 4.5).   
 
Figure 4.4.  Total light transmittance when the overstory is present, absent 10 years, and absent 
> 30 years.  Bars are least-squares means + standard error.   
 
Table 4.5.  Results of mixed model ANOVA for total light transmittance.   
Source of Variation df F p 
Overstory  2,17.5 7.97 0.004 
Linear Contrasts    
Overstory Present vs. Absent 1,17.4 15.61 0.001 










































 Stem height was the only variable related to total light transmittance.  Neither number of 
species (F1,54 = 0.00, p = 0.98) nor stem density (F1,54 = 0.38, p = 0.54) were related to total light 
transmittance.  Shrub stems were taller when total light transmittance was higher (Figure 4.5).  
The relationship differed depending on the amount of time elapsed since fire.  When only two 
months had passed since fire, stem height increased slowly in relation to light, but after 14 
months, when stems were taller, height increased more rapidly with increases in total light 
transmittance (Figure 4.4).  Stem height was significantly related to total light transmittance (p < 
0.001), though the relationship required a separate intercept (p < 0.001), and slope (p = 0.04) for 
time since fire (Table 4.6).  The correlation was stronger (R
2
 = 0.35) with more time since fire 
(Table 4.7), suggesting that effects of total light transmittance on stem growth increased over 
time after fire.   
 
Figure 4.5.  Relationship between woody stem height and total light transmittance, 2 and 14 
months since fire.   
 
Table 4.6.  Results of mixed model ANCOVA of total light transmittance and stem height.   
Source of Variation df F p 
Light Transmittance 1,54 23.62 <0.001 
Time Since Fire 1,54 67.99 <0.001 








































Table 4.7.  Summary statistics from ANCOVA analysis of relationship between stem height and 
total light transmittance.   
Regression Slope Intercept df F p R
2
 
Stem Height vs. Light Transmittance:       
     2 Months Since Fire 0.72 -8.14 1,27 10.41 0.003 0.28 
     14 Months Since Fire 1.80 -37.85 1,27 14.80 0.001 0.35 
 
Discussion 
 Many understory woody plants caught in the “fire trap” are clonal.  The most abundant 
shrubs in the groundcover of pine savannas I studied at Camp Whispering Pines are rhizomatous; 
more than 90% of all woody plant stems in plots belonged to eight such species (Diospyros 
virginiana, Gaylussacia dumosa, Ilex glabra, Ilex vomitoria, Liquidambar styraciflua, Rhus 
copallinum, Sassafras albidum, and Vaccinium arboreum).  Although these woody plants differ 
in stature and capability to form large trees, genets of all these species are comprised of 
underground rhizomes that produce multiple above-ground stems (ramets).  Even though the 
aboveground ramets are killed in each fire, as long as the underground rhizomes are able to 
resprout, the genet may persist for a long time beneath an overstory of longleaf pine.   
 Woody plants in pine savannas that are caught in the fire trap may experience additional 
disturbances that remove overstory trees, opening gaps and increasing light levels in the 
understory.  My study indicated that such disturbances do not produce responses similar to those 
expected following similar disturbances in closed canopy forests (cf. Gagnon and Platt 2008).  
Instead, numbers of woody plant species and densities of woody plant stems were no different in 
plots underneath overstory trees and in areas with recently (10 years) opened overstory.  Because 
flammable needles are shed over areas larger than the crowns of trees (Platt et al. 1988), 
accumulations of flammable fuels remain high enough that fires continue to burn through gaps at 
the study site, and therefore the fire trap continues to operate.  The fire trap not only top-kills 
established genets, but may prevent recruitment of new seedlings, if fires burn before seedlings 
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are large enough to begin clonal growth and resprout following fires.  Thus the continued fire 
trap in these gaps prevents number of species or stem densities from increasing beneath an open 
overstory.  Therefore numbers of woody species and stem densities are not correlated with 
amount of transmitted light, unlike smaller-statured herbaceous species (Platt et al. 2006a).  
Ramet size (stem height) of established genets, however, increases when the overstory is 
removed.  Stem height is correlated with total light transmittance, suggesting that stems that are 
able to persist in the open benefit from the increased light availability, and decreased fire 
intensity.  The fire trap is thus modified (sensu Grady and Hoffmann 2012) by removal of the 
overstory, but not to the extent that woody plants are able to escape top-kill, and therefore woody 
plants remain trapped in the understory.   
 Moreover, fewer woody plant species and lower stem densities were present in plots that 
had been without overstory pines for > 30 years than in plots with recently opened overstory, 
suggesting that numbers of woody plant species and sizes of genets decline over long periods of 
time in areas of frequently burned pine savanna without overstory trees.  Stems that persist under 
long absent overstory are still taller than those underneath an intact overstory, but after several 
decades in the open there are fewer stems.  The fire trap continues to operate under an open 
overstory, but fires should be less severe due to lower accumulations of pine litter (Chapter 3).  
Frequent fires trap woody plants in the understory, but fires alone do not explain the observed 
decline in woody plants.   
 While in the understory, resprouting woody plants compete with other understory 
species, such as grasses.  Grasses are the first to resprout following fire, and also benefit from 
increased light (McGuire et al. 2001, Pecot et al. 2007) and decreased fire intensity (Gagnon et 
al. 2012) when the overstory is absent.  Competition with grasses may suppress growth of 
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savanna woody plants (e.g., Riginos 2009).  Furthermore, increasing grass production also 
negatively affects woody plants by adding fine fuels that increase fire intensity and decrease 
pyrodiversity (Martin and Sapsis 1991, Higgins et al. 2000, Beckage et al. 2011).  Over time, 
competition with grasses may result in the decline in woody plant species and densities observed 
in long-established gaps.   
 Dispersal limitation may also contribute to lower numbers of woody plants in gaps.  The 
three most common species measured (Rhus copallinum, Ilex glabra, Gaylussacia dumosa) all 
produce fleshy fruits that are dispersed by birds.  Brewer (1998) observed that shrub species are 
more common near trees than away from trees and proposed that large trees may attract bird 
dispersal by providing safe perches for birds.  Similar dispersal patterns are observed in other 
habitats (e.g., (Schupp et al. 1989).  Further work with seed traps (Hinman et al. 2008) verified 
that significantly more seeds of Ilex glabra and I. vomitoria are found at the bases of trees.  
Although survival of woody plant seedlings is rare in fire-frequented ecosystems (around 10%; 
Hinman et al. 2008), the resprouting ability of woody plants coupled with occasional recruitment 
may be enough to prevent decline of woody species beneath an overstory.   
 I propose that both the fire trap and dispersal limitation may interact to influence woody 
plant dynamics.  After a hurricane has opened the overstory, repeated fires ensure that woody 
plants are top-killed and unable to reach size thresholds (sensu Hoffmann et al. 2012) necessary 
to withstand fire and close the gap.  Furthermore, the lack of seed dispersal in gaps will lead to a 
gradual decline in woody plants as mortality occurs.  The fire trap remains even after the 
overstory is removed, resulting in muted responses in recruitment and growth of genets of woody 
plants.  A similar inertia following large-scale windstorms has also been noted for pines in 
frequently burned pine savanna (Platt and Rathbun 1993).  In contrast to broad-leaved plants, 
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however, pines are expected to increase as recruitment slowly occurs in open areas of 
groundcover (Grace and Platt 1995).  The interaction between hurricanes opening gaps, and fires 
limiting growth of other woody plants in gaps, helps maintain open sites suitable for recruitment 







 In this dissertation, I explored effects of hurricane and fire disturbances on longleaf pine 
savanna at Camp Whispering Pines.  Pine savannas are noted for a two-layered physiognomy, 
and disturbances have different effects on overstory and understory.  Hurricanes cause 
defoliation, loss of branches, and occasional snapping or tipping of overstory trees.  Understory 
trees are largely unaffected by hurricane winds, but the defoliation of overstory trees adds 
increased nutrients to the savanna floor, and the removal of overstory trees leads to increased 
light in the understory.  In the absence of further disturbances, gaps in the overstory could be 
filled by woody plants already established in the understory.   
 Fires also have different effects on the overstory and understory.  Overstory trees usually 
have thick or layered bark to protect the cambium from high temperatures.  Understory trees, 
however, are usually top-killed by fires and must resprout to survive.  Fires therefore have 
indirect effects on overstory trees, encouraging growth by removing or limiting understory 
competition.  Fires are important for maintaining the open structure of savannas, and preventing 
small trees and shrubs from outcompeting other understory species, including longleaf seedlings 
(e.g., Beckage et al. 2009).  As long as fires continue to burn regularly, hardwoods in the 
understory are caught in a “fire trap” and will be kept in the understory.   
 When hurricanes and fires occur within a short time period, the interactions may produce 
different effects on savanna plants.  When fires follow hurricanes, for example, increased litter 
serves as added fuel which may lead to fires more intense than fires that do not follow 
hurricanes.  I hypothesized that flammable pine litter would lead to greater increases in 
temperature, longer durations of heating, and more complete combustion of fuels during fires.  
Conversely, I expected that less flammable litter, such as hickory leaves, would suppress fires.  I 
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tested these hypotheses in an experimental study and found that very small amounts of pine litter 
(0.1 kg/m
2
) were required to significantly increase fire characteristics, leading to conditions that 
are more likely to top-kill understory hickories.  Through engineering of fire characteristics via 
flammable leaf litter, longleaf pines may create a “flammability niche” (sensu Possingham et al. 
1995) which favors their own survival and recruitment.   
 Understory hickories did not modify fire characteristics, but instead relied on resprouting 
to survive fires.  All hickory stems measured survived fire by resprouting.  Furthermore, 
resprouting is not limited to hickory stems; of the 450 stems that burned in 2007 (Chapter 4), 
only 13 were not relocated after fire, suggesting a 97% survival rate by resprouting.  Woody 
plants in the understory are able to resprout under many different fire regimes, and may persist in 
the understory for long periods of time until conditions are right to escape the fire trap.   
 While hickory leaves do not suppress fires, they do not burn well in the absence of more 
flammable fuels.  When pine needles are locally absent, hickory stems are able to survive the 
lower fire intensities and resprout along the stem above the ground.  These stems may more 
quickly reach a size that can resist top-kill by fire.  Because of the effects of flammable pine 
needles, understory woody plants should be more likely to escape the fire trap if located far 
enough away from overstory pines.   
 After fires have consumed fine fuels deposited by hurricanes, later fires in hurricane-
created gaps may be less intense due to lower accumulations shed pine needles.  Therefore gaps 
should be more favorable sites for growth of understory plants, and understory hardwoods may 
be able to escape the fire trap.  I expected more woody plant species, greater stem densities, and 
taller stems where the overstory was removed.  Instead I found that the number of species and 
stem densities were the same beneath an overstory and where the overstory was recently (10 
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years) removed.  Fires continue to burn through gaps, and the fire trap continues to operate, 
keeping woody plants in the understory.  The fire trap is, however, modified by the absence of an 
overstory; stems in gaps are able to reach greater heights between fires.   
 As the overstory remained absent for a longer period of time (> 30 years) the number of 
woody species and stem densities declined.  These gaps were not free from fire, and resprouting 
woody plants, though taller, were still trapped in the understory where they had to compete with 
grasses and other rapidly growing species that also benefit from the increased light in gaps.  
Furthermore, many of the understory species observed (e.g., Rhus copallinum, Ilex glabra) 
produce fleshy fruits that are bird dispersed.  Birds primarily disperse seeds beneath an 
overstory, while they perch in the trees above.  The combination of limited growth due to the fire 
trap, increased competition with grasses, occasional mortality, and lack of new recruitment may 
lead to the decline in small trees and shrubs observed in the long-open gaps.   
 In contrast to understory woody plants, longleaf pines are able to survive fires intact, are 
not dependent on bird dispersal, and need open areas for successful recruitment.  Gaps created by 
hurricanes may be ideal sites for longleaf recruitment, especially once other woody plants have 
declined.  Longleaf pine, however, has a relatively short dispersal distance, and depends on mast 
years for recruitment.  Thus, longleaf recruitment of gaps may be delayed.  The interaction 
between hurricanes opening space, and fires limiting growth of other woody plants, help 
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CANOPY PHOTOS AND TREEFALL MAPS 
 
Figure A.1.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 1, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 





Figure A.2.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 2, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 
affected by treefall disturbance.  Blue filled squares indicate location of 3 x 3 m sampling plot.   
 
tip-up





Figure A.3.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 3, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 











Figure A.4.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 4, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 











Figure A.5.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 5, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 










Figure A.6.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 6, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 









Figure A.7.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 7, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 








Figure A.8.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 8, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 











Figure A.9.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 9, for 
subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall maps 
indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 








Figure A.10.  Canopy photos before and after Hurricane Gustav, and treefall maps for plot 10, 
for subplots with overstory present, absent 10 years, and absent > 30 years.  Arrows in treefall 
maps indicate fallen (snapped or tipped) trees within subplots.  Blue circles represent locations of 
rooting, an “X” represents a snap, and “tip-up” is written for tips.  Yellow ovals around arrows 
indicate approximate locations of crowns, and yellow-filled squares indicate 1 m
2
 sub-subplots 







Table A.1.  Summary of raw data derived from canopy photographs and treefall maps.   












1 Present 40.32 41.06 0.74 1 2 19 
1* Absent 10 42.72 51.73 9.01 0 0 0 
1 Absent 30 42.98 43.51 0.53 1 1 3 
2 Present 40.63 44.81 4.18 1 6 52 
2 Absent 10 47.11 47.20 0.09 0 0 0 
2 Absent 30 48.83 53.17 4.34 0 0 0 
3 Present 39.57 39.62 0.05 1 3 44 
3 Absent 10 40.07 43.04 2.97 1 1 23 
3 Absent 30 42.68 41.74 -0.94 2 2 24 
4 Present 41.33 40.06 -1.27 0 2 36 
4 Absent 10 47.50 49.04 1.54 0 1 1 
4 Absent 30 51.98 55.04 3.06 1 2 33 
5 Present 39.24 44.77 5.53 3 3 34 
5 Absent 10 46.72 52.88 6.16 0 0 0 
5 Absent 30 44.68 45.87 1.19 0 1 10 
6 Present 39.88 40.44 0.56 0 1 17 
6 Absent 10 41.84 50.00 8.16 0 2 36 
6 Absent 30 44.94 51.27 6.33 1 1 14 
7 Present 39.93 42.14 2.21 0 2 10 
7 Absent 10 42.34 48.45 6.11 1 3 18 
7 Absent 30 41.52 41.77 0.25 0 0 0 
8 Present 41.96 46.66 4.70 1 1 16 
8* Absent 10 36.65 35.05 -1.60 1 2 10 
8 Absent 30 45.53 48.91 3.38 1 1 6 
9 Present 44.71 44.59 -0.12 0 0 0 
9 Absent 10 53.13 54.99 1.86 0 0 0 
9 Absent 30 47.74 46.94 -0.80 0 0 0 
10 Present 36.59 37.5 0.91 0 1 15 
10 Absent 10 47.91 48.54 0.63 0 1 28 
10 Absent 30 42.06 41.58 -0.48 0 0 0 
*Plot 1, overstory absent 10 years, excluded from analysis due to shrubs in pre-Gustav photo; 
plot 8, overstory absent 10 years, excluded from analysis due to different location of pre- and 





APPENDIX B  
PHOTOGRAPHS OF HICKORY STEMS AND FUEL COMBUSTION 
 
 
Figure B.1.  Hickories have the largest leaves in the understory (a).  When these leaves are shed 
they form a thick mat beneath the stem (b).  Understory hickories survive fire by resprouting (c); 








Figure B.2.  One set of fuel combustion plots showing fuel treatments used in Chapter 3.  Pre-
fire fuel samples were collected from the flagged square at the right in each picture, and post-fire 








Figure B.3.  Fuel combustion plots after fire.  When pine litter was absent, more hickory fuels 
remain unconsumed, noticeable as brown leaves (c, e).  When pine litter was present a greater 







Figure B.4.  Hickory stems two months after fire.  When flammable pine needles were absent 
during fire (a, c, e) hickories were able to resprout above the ground (yellow arrows).  When 
flammable pine needles were present during fire (b, d, f) hickories resprouted from belowground 
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